Abstract -This paper proposes a direct power control scheme for doubly-fed induction generator for variable speed wind power generation. Using a stator flux decoupling and deadbeat control loops the algorithm calculates the rotor voltage vector to be supplied to the rotor in order to eliminate the active and reactive power errors that can achieve high accuracy and fast dynamic power response based on the estimated stator flux, the active and reactive power and their errors. Simulations results are carried out for validation of the digital controller operation.
I. INTRODUCTION
The wind energy systems using a doubly-fed induction generator (DFIG) have some advantages due to variable speed operation and four quadrant active and reactive power capabilities compared with fixed speed induction generators. The stator of DFIG is connected direct to the grid and the rotor links the grid by a bi-directional converter. The rotor converter aims to the DFIG active and reactive power control between the stator and ac supply [1] , [2] .
Control of DFIG wind turbine systems is traditionally based on either stator-flux-oriented [3] or stator-voltage-oriented [4] vector control. The scheme decouples the rotor current into active and reactive power components. Control of the active and reactive power are achieved with a rotor current controller. Some investigations using PI controllers by using stator-fluxoriented that generates reference currents from active and reactive power errors to the inverter or a cascade PI controllers that generate a rotor voltage which has been presented by [5] , [6] . The problem in the use of PI controller is the tuning of the gains and the cross-coupling on DFIG terms in the whole operating range. An interesting method to solve these problems have been presented by [7] , [8] , [9] .
Some investigations by using predictive functional controller [10] and internal mode controller [11] , [12] have satisfactory power response when compared with the power response of PI but it is hardly to implement one due to the predictive functional controller and internal mode controller formulation. Another possibility to doubly-fed power control can be made by using fuzzy logic [13] , [14] . These strategies have satisfactory power response although it involves relatively complex transformation of voltages, currents and control outputs among the stationary, the rotor and the synchronous reference frames.
The direct power control was applied to the DFIG power control and it has been presented in [15] , [16] , [17] .This scheme calculates the required rotor controlling voltage directly based on the estimated stator flux, active and reactive power and their errors. In [15] the principles and the implementation of DPC is made with hysteresis controllers and variable switching frequency. In [16] , [17] the principles of this method are described in detail and simulations results have been presented with variable and constant switching frequency respectively. Moreover, the conventional DPC complicates the AC filter design because of its variable switching frequency. An alternative to direct power control is the power error vector control [18] . This strategy is less complex and obtains similar results to direct power control.
To improve the power response, to eliminate the torque ripple and to protection of rotor-side converter under grid voltage sags a proportional control with anti-jamming control was proposed in [19] . This control has satisfactory power response and eliminate the rotor current overshoot in voltage sags when the loop of torque control is applied, although power and rotor currents results were shown only in fixed speed operation. The proportional controller needs to be carefully tuned to ensure system stability and adequate response within the whole operating range.
The concept of DPC is applied to DFIG under unbalanced grid voltage conditions by [20] , [21] . In [20] the active and reactive powers are made to track references using hysteresis controllers. In [21] a notch filter is applied in DPC strategy which allows the power control. These strategies haver satisfactory active and reactive power response under unbalanced grid voltage. This paper proposes a direct power control scheme that can achieve high accuracy and fast dynamic power response by using a stator flux decoupling and deadbeat control loops. The scheme is derived using a discrete state-space o DFIG model. 
the relationship between fluxes and currents
and generator active and reactive power are
The subscripts 1 and 2 represent the stator and rotor parameters respectively, ½ is the synchronous speed, Ñ (3) and (4) the relationship between stator currents and rotor fluxes is given by
and the active (5) and reactive (6) power can be computed by using Equations (7) and (8)
Equation (2) indicates that the rotor flux change is directly controlled by the applied rotor voltage when rotor resistance is neglected. The components of rotor flux are ¾ ¾ Ó×AE
and ¾Õ ¾ × Ò AE that can be seen in Figure 1 . Thus, rotor fluxes will reflect on stator active and reactive power as can be seen in (9) and (10) . Consequently this principle can be used on stator active and reactive power control on rotor side in the DFIG with stator connected to the grid. 
III. DIRECT POWER CONTROL STRATEGY
Since the applied rotor voltage is also constant during a power control period for voltage-fed PWM and neglecting the rotor resistance, then (2) can be discretized at kth sampling instant in synchronous referential frame using the stator flux position and active (9) and reactive (10) 
From now it will be assumed that the mechanical time constant is much greater then the electrical time constants. Thus Ñ ÓÒ×Ø ÒØ is a valid approximation for each sample period [23] , [24] , [25] .
A. Decoupling Control
The digital control technique allows to calculate required input to guarantee that the output can achieve high accuracy and fast dynamic response using a discrete equation of the continuous linear system [26] , [27] , [28] . The total input applied is given by Ú ¾Ö ´ µ Ú ¾ ´ µ · Ú ¾ ´ µ (20) where Ú ¾ is achieved making (16) (17) , considering that and is estimated correctly and treating the modeling errors as a disturbance to the output control, then it can be simplified by replacing the output with output errors that is given by
where ¡ ÕÔ´ µ ÕÔ Ö ´ µ ÕÔ´ µ. Note that when realizing the control, ÕÔ Ö ´ · ½µ is not available at the time when Ú ¾ is calculated. Therefore, ÕÔ Ö ´ µ must be used instead ÕÔ Ö ´ · ½µ. In essence, the control reference must be delayed one sampling period in the control. The effect of delaying the reference one sampling period will shift the output response back one sampling period as well, but the shape of the output response remains the same.
B. Deadbeat Feedback Control
To achieve a fast output response and a null steady state error a separate feedback control is made by using (21) 
The block diagram representing (17) and (22) is shown in Figure 2 . The DPC control scheme uses a digital controller to obtain rotor voltages which should be applied on generator in order to guarantee active and reactive power reach their desired reference values, the method directly calculates required rotor control voltage with each switching period, based on the estimated stator flux, the active and reactive power, and their errors. The power control block diagram is shown in Figure 3 . The converter that is connected to the grid control the voltage of the link DC and one can be controlled by using any control presented in [29] . (18), (19) , (20) and (23) 
C. Estimation
To digital power control is required to calculate the active and reactive power values, their errors, the stator flux magnitude and position, the slip speed and synchronous frequency.
The flux estimation using (1) is given by
and the flux position by using equation (24) as
The synchronous speed ½ estimation is given by
and the slip speed estimation by using the rotor speed and synchronous speed is
The angle in rotor stationary reference frame is given by
IV. SIMULATION RESULTS
In the simulation of proposed digital control strategy was used MATLAB/SimPowerSystems R package. The digital power control strategy has a Ì ½¼ × and the DFIG parameters are shown in Appendix. Figure 3 shows the schematic of the implemented system. To the power factor (PF) control the reactive power reference is given by
Initial studies with various active and reactive power steps and constant rotor speed at 226.6 rad/s were carried out to test the dynamic response of the proposed power control strategy are shown in Figure 4 . The initial active power and power factor references were being -50 kW and FP=+0.85. The active power and power factor references were step changed from -60 to -100 kW and from PF of 0.85 to -0.85 at 0.25 s and the power reference were step changed again from -100 to -149.2 kW and from PF of -0.85 to 1 at 0.5 s, respectively. The rotor and stator currents and the rotor speed are shown in Figure 5 . The dynamic response of both active and reactive power are in few milliseconds, there is no overshoot of either stator/rotor or the active/reactive power and the satisfactory performance and robustness of the controller can be seen. (a) Stator Currents. Studies with various power steps and rotor speed were carried out to further test the proposed power control schemes. During the period 0.25-0.6 s, the rotor speed increased from 151.1 rad/s to 226.6 rad/s. The Figure 6 shows the results step reference tests of active and reactive power. The power steps, i.e., active power and power factor references were changed from -60 to -100 kW and from PF of 0.85 to -0.85 at 0.25 s. The rotor current and speed and stator current are shown in Figure 7 .
To test the impact of the parameters variations on the system performance the rotor resistance Ê ¾ and mutual inductance Ä Å are increased of 20%. The same tests of step reference of active and reactive power with rotor speed variation and with parameters variation are shown in Figures 8 and 9 .
Comparing Figures 6 and 8 and Figures 7 and 9 , there is hardly any difference, and even with such large inductance and rotor resistance errors, the system maintains satisfactory performance under both steady-state and transient conditions. 
V. CONCLUSION
This paper has presented a DPC by using stator flux decoupling and deadbeat controllers for doubly fed induction generator that can achieve high accuracy and fast dynamic power response. The controller uses the DFIG equations to calculate the required rotor voltages in order to the active and the reactive power values reach the desired reference. The power control scheme helps the protection of rotor-side converter because there is no overshoot in the rotor current. Constant converter switching frequency is achieved that eases the design of the power converter and the ac harmonic filter. The impact of machine parameters variations is analyzed and found to be negligible due to the fact that in the deadbeat controller formulation the model errors was treated as a disturbance to the output control. The simulations confirm the effectiveness and the robustness of the DPC during several operating conditions and variations of machine parameters. (a) Stator Currents. 
